ABSTRACT The effects of strontium (Sr2+; 7-50 mM) on five different cloned rat K channels (Kvl.1, Kvl.5, Kvl.6, Kv2.1, and Kv3.4), expressed in oocytes of Xenopus laevis, were investigated with a two-electrode voltage clamp technique. The main effect was a shift of the G~(V) curve along the potential axis, different in size for the different channels. Kvl.1 was shifted most and Kv3.4 least, 21 and 8 mV, respectively, at 50 raM. The effect was interpreted in terms of screening of fixed surface charges. The estimated charge densities ranged from -0.37 (Kvl.1) to -0.11 (Kv3.4) e nm -2 and showed good correlation with the total net charge of the extracellularly located amino acid residues of the channel as well as with the charge of a specific region (the loop between the $5 segment and the pore forming segment). The estimated surface potentials were found to be linearly related to the activation midpoint potential, suggesting a functional role for the surface charges.
INTRODUCTION
Metal ions are known to shift the open probability curves of most voltage-gated ion channels (Frankenhaeuser and Hodgkin, 1957; Hille et al., 1975 ; see also Hille, 1992) . This effect has partly been attributed to screening of surface charges (see McLaughlin 1989; Hille 1992) . In an earlier investigation of the channels in myelinated axons of Xenopus laevis (Elinder and Arhem, 1994a, b) , we have suggested that these surface charges mainly consist of the charged amino acids of the extracellular portion of the channel. Obviously, a critical test of this suggestion would be to analyze metal ion-induced shifts on channels, the molecular identity of which is known in detail. The present investigation is such a test. We have analyzed the effects of external strontium (Sr z+) on five identified rat K channel types expressed in Xenopus laevis oocytes. The channels used are all voltage gated and belong to the Kv family: Kvl.1, Kvl.5, Kvl.6, Kv2.1, and Kv3.4 (for the nomenclature see Gutman and Chandy, 1993) . Except for Kv3.4, which is relatively fast inactivating and has been characterized as an A channel, all channels have been characterized as delayed rectifiers (Frech et al., 1989; Stfihmer et al., 1989; Grupe et al., 1990; Swanson et al., 1990; Rettig et al., 1992) . The alkaline earth metal Sr 2+ was chosen for this investigation because it has been reported to shift voltage-dependent parameters along the potential axis relatively less than most other investi-gated metal ions (the exception is Mg2+), and been suggested to mainly screen fixed surface charges with little or no binding (Hille et al., 1975; Arhem, 1980; Cukierman and Krueger, 1990) . The analysis revealed a clear correlation between the shift effects and the net charge of the extracellular loops of the channels, supporting the proposed hypothesis (Elinder and .3~rhem, 1994b) . Ways to extend the hypothesis by determining which extracellular loop is the main determinant for the effective charge density are discussed.
MATERIALS AND METHODS
The experiments were performed at the Department of Physiology, M6nster University. The present analysis is based on recordings from 34 cells (two donors), 18 of which were selected for the detailed quantitative analysis due to their stable recording conditions.
Synthesis of cRNA and Expression of Channels
The cRNA for channels Kvl.1, Kvl.5, Kvl.6, Kv2.1, and Kv3.4 (Pongs, 1992) was synthesized by using the plasmid pAS18 as template for SP6 polymerase (St/ihmer et al., 1988) . The cRNA was stored at -20~ until injection. The oocytes of the South African clawed frog (Xenopus laevis) were used as the expression system. Frogs were anesthetized in ethyl m-aminobenzoate (Sandoz Pharmaceutical Ltd., Basel, Switzerland), and small sections of the ovary were removed surgically. Oocytes in stage V or VI (Dumont, 1972) were isolated manually from the ovary and injected with 1 ng of the respective cRNA in 50 nl distilled water. The injected oocytes were maintained under tissue culture conditions at 20~ tmtil used for experiments. Experiments for the quantitative analysis were done from day 2 to 5 after injection of cRNA.
Electrophysiological 7~chniques
The investigations were perfbrmed with the two-electrode voltage-clamp technique. Voltage pulses of 500-ms duration were ap-plied from a holding potential of -80 mV to potentials from -70 to +60 mV in steps of 10 inV. The resulting currents were low pass filtered at 1 kHz. The volume bath resistance was between 0.5 and 1 kl). The resulting error of the shift values was estimated to be less than one millivolt. No series resistance compensation was therefore used. Microelectrodes were made from borosilicate glass and filled with a 3 M KC1 solution. The resulting resistance varied between 0.5 and 2.0 MfL All experiments were carried out at room temperature (22 + I~
Solutions
The tissue culture solution was a modified Barth medium (in mM): NaC1 88, KCI 1, CaC1,2 1.5, NaHCO,~ 2.4 MgSO4 0.8; HEPES 5, pH 7.4, which was supplemented with penicillin (100 IU/ml) and streptomycin (100 Ixg/ml). In the electrophysiological experiments the control bath consisted of Ringer solution (in raM): NaCI 115, KCI 2, CaClz 1.8, HEPES 10, pH 7.2. Strontimn chloride (Sr ~ § was added to the bath solution in concentrations of 7, 20, and 50 raM. Sr ~+ was applied at least 20 s before elicitii.,g the first voltage step. All solutions were applied with a concentration clamp technique (Madeja et al., 1991) .
Theoretical Analysis
The amplitudes of the total outward currents were corrected for leakage to obtain pure K currents. The leakage current was estimated from measurements at voltage steps of _+ 10 mV from the holding potential and the assumption of a linear leakage I(V) cups,e. The contribution of leakage currents to outward currents in the cRNA injected oocytes did not exceed 1% of the K current amplitude at a step to 0 inV. The charge density (~) was calcnlated by fitting the experimental data to the Grahame (1947) 
i=1 where e, is the dielectric constant of the membrane, e{~ is the permittivity of free space, ci is the bulk concentration and z~ is the va-
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326 S* ?+ on Cloned K Channels lence of the ith ionic species in the extracellular solution, n is the number of ionic species, and ~b 0 is the external membrane surface potential. R, T, and F have their usual thermodynamic significance. Although Eq. 1 is strictly valid only for a nniformly smeared charge, it has been shown that the equation can be nsed as an approximation for charge densities more negative than -0.16 e nm -2 (Peitzsch et al., 1995) . In the present investigation the charge densities analyzed were found mainly to be more negative than this value, thus allowing the use of Eq. 1. The K conductance Gt~(V) was calcnlated as:
where I~.(V) is the K current, Vis the absolute membrane potential, and/s is the equilibrium potential, assumed to be -80 mV (Dascal, 1987) . The inward tail currents at -80 mV seen in the experiments (see Fig. 1 ) suggest that EK is slightly less negative. However, this deviation will only marginally affect the estimation of the Sr'-'+-induced shifts of the (,(V) curves in the present investigation. Assuming E K to be -100 or -60 mV will change the estimated shifts (based on the assumption ofEK = -80 mV) by <1 m\'. As also seen from Fig. 1 , Sr ~+ shifts the potential at which the channel is activated in positive direction while the currents at the highest potentials remain relatively intact. This shift of activation potential differs for the different channel types; the largest being that of Kvl.1 and the smallest that of Kv3.4. The shifts are more evident in Fig. 2 , where the Sr 2+ effect on I(V) and G(V) curves is depicted. 
RESULTS

Fig
Potential {mV} rent effect consists of an increased amplitude, the magnitude of which differing between the different channel types. While the modified inactivation may partly be explained by a modified voltage dependence as reflected by the shift effect, the tail current modification seems not to be so; the effect being largest for Kvl.5 and Kv3.4, which show the smallest shifts. Thus, the effect on the current tails seems caused by another mechanism than that causing the shift effect and will not be further analyzed here. All the Sr z+ effects described in the present investigation, except for the Sr2+-induced reduction of current at the most positive potentials in Kvl.1 experiments, were perfectly reversible. The current reduction for Kvl.1 was, unexpectedly, increased after application of control solution while the shift was reversible. The difference in reversibility between the reduction and the shift suggests that they are unrelated. of the channels depicted, the effect of Sr z+ is almost a pure (dose-dependent) shift. For Kv2.1 the effect is a shift in combination with an almost potential-independent increase (described by a scaling factor). This increase was systematic and reversible; in three experiments at 50 mM Sr ~+, Gat +60 mV increased 20 • 12% All values are mean + SEM. The experimental charge densities are calculated fi-om the shifts with Eq. 1. Theoretical charge densities are calculated as net charge of extracelhdar loops divided by a subnnit area of 16 nm z (Li et al., 1994) .
Shift of Conductance Curves
(mean -+ SD). The cause of this increase is unclear. For another channel, Kvl.1, the shift of the G(V) curve was in some experiments (exclusively in cells tested within 3 d after RNA injection) combined with a marked reduction at the highest potentials. The reduction of 50 mM Sr 2+ at +60 mV in six experiments was 20 -+ 14% (mean + SD). As mentioned above, this reduction was even more pronounced in the control solution applied after the application of the Sr 9+ solution. The reduction in control solution "after application of 50 mM Sr 2+ was 37 -+ 13% (mean + SD; n = 7). This phenomenon clearly needs further detailed investigation. However, as argued above (the difference in reversibility), it seems unrelated to the shift effect and will not be treated further in this paper. The effects on Kvl.5, 1.6, and 3.4 were completely reversible; the I(V) curves in control solution before and after application of test solution completely overlapped (not shown). The effect on Kvl.1 was also perfectly reversible with respect to the most negative potentials of the I(V) curve. For Kv2.1, however, the control curves during an experiment showed some drift: the midpoint potential of the G(V) curve could vary up to 5 mV in either direction.
To quantify the shifts of the G(V) curves, values were estimated at 25% of the maximum level. By this procedure, interference by scaling effects as well as by potential-dependent effects (mainly in the Kvl.1 experiments) was minimized. In the Kv2.1 experiments, which showed the largest scaling effects, interference was avoided by normalizing the G(V) curves, assigning G at + 60 mV the value 1.0. To account for the drift of the G(V) curves in the Kv2.1 experiments, the shift values were measured relative to the mean of the control value before and after application of test solution. The collected values from 18 experiments are listed in Table I .
Shifts of 7~me Constant Cu,ves
The shift data in Table I were used to calculate the effective charge densities for the different channels. Assuming that the mechanism underlying the shift effect is exclusively screening (involving no binding), the charge density is obtained directly by fitting shift data to the Grahame equation (Eq. 1). Sr z+ has been suggested to affect voltage-gated channels by mainly screening in a number of preparations (see INTRODUCTION) . This was the reason for the choice of Sr z+ tot the present study. To test wether the assumption of screening also applies to the studied preparation the effect on the curve describing time to half maximum current (4/,,) vs. potential curve was compared with the effect on the 
G(V)
curve
/,,(V)curve shifts and of the G(V)
curve shifts, the figure shows the control 4/2(V) curves shifted with the values obtained from the C(V) curves in Fig. 2 (filled circles). The agreement is striking tbr all channel types, thus supporting the assumption of a screening induced shift effect.
Estimation of Surface Charge Densities
The shift values (collected in Table I ) could thus be used to directly estimate the effective charge density by the Grahame equation (Eq. 1) and a least square proce- Table 1 . The fitted curves are least square fitted solutions to Eq. 1 for different values of surface charge density as indicated (e nm-Z).
dure. Fig. 4 shows the best fits, yielding charge densities of -0.37, -0.28, -0.17, -0.17, and -0.11 e nm -2 for Kvl.1 (circles), Kvl.6 (diamonds), Kvl.5 (inverted triangles), Kv2.1 (triangles), and Kv3.4 (squares), respectively.
The estimated charge densities are listed in Table I . From the fact that the estimated charge densities differ for the different channels, it is immediately clear that the channel protein as such is essential for the effect (c.f. Cukierman et al., 1988) . A comparison with values estimated from primary structures will be performed below. Table I also shows estimated midpoint values for the different channel types. These values correlate reasonably well with the estimated charge densities, the value for Kvl.1 being most negative (-17 mV) and that of Kv3.4 most positive (+ 17 mV). Fig. 5 shows the relation expressed as midpoint values vs. surface potential obtained from the Grahame equation (Eq. 1). The relation is linear with a (least square fitted) midpoint value of +32 mV at a surface potential of 0 mV and a slope of 0.86 (~ = 0.94), suggesting a direct relation between the surface charge density and the gating process. The interpretation of this fact will be dealt with in the DIS-CUSSION.
Relation to Molecular Biology Data
The central aim of the present study was to analyze the hypothesis proposed in an earlier investigation (Elinder and Arhem, 1994b ) that the charged extracellular loops of the channel protein determine the effective charge density. In Table I the experimentally estimated charge densities are listed together with the charge densities calculated from the primary structures. The primary structure value was calculated as the sum of the (~b0) for the K channels studied. Data from Table 1 . ~b0 is calculated from Eq. 1. Straight line is least-square fitted to the data points (r 2 = 0.94). The slope is 0.86 and y-axis crossing point +32 inV.
net charges of the four extracellular loops, i.e., the loops connecting the S1 and $2 segments (S1-$2), $3 and $4 ($3-$4), $5 and the pore forming (P) region (S5-P), and P and $6 (P-S6), divided by 16 nm 2, which is the subunit area recently found in studies of Shaker channels (Li et al., 1994) . The sequences of the extracellular loops used and the charges assigned to the different amino acids are presented in Elinder and ,~rhem (1994b) and in Elinder (1994) . A comparison between the experimental and the primary structure values shows that there is a positive correlation between the two sets (Table I ). This correlation is illustrated more clearly in the left panel of Fig. 6 (Total). The least square-fitted straight line through the origin has a slope of 20.7 nm ~ (~ = 0.79). Fig. 6 also shows the relation between the net charges and the estimated charge densities of the four individual loops of each channel type (Table II) . For the S1-$2 loop, the least square-fitted straight line through the origin has a slope of 15.6 nm ~ (~ = 0.78), and for S5-P, the slope is 10.1 nm 2 (~e = 0.86). The two remaining loops $3-$4 and P-S6 show negative correlations, suggesting that they are not directly involved in the screening effect. In conclusion, the shown presentation of the data suggests that the experimentally estimated charge densities correlate positively with the total net charge, as well as with the net charge of both the S1-$2 loop and the S5-P loop. The question of which of these charged structures is the major determinant of the effective charge density is not possible to determine from the presented figure. Some ways to analyze this problem further will be discussed below. Net charge density (e nm-2) FIGURE 6. Net charge for the extracellular loops (as indicated) versus estimated charge density of the studied K channels. Definitions of the extracellular loops are given in Elinder and Arhem (1994b) and in Elinder (1994) . Slopes of the least square fitted lines are (from left to right): 20.7 nm 2 (r 2 = 0.79), 15.6 nm 2 (r 2 = 0.78), -0.5 nm 2, 10.1 nm 2 (r 2 = 0.86), and -4.5 nm 2. These values can be interpreted as the area that the loop would cover if the charges are uniformly smeared, and if the loop is the exclusive determinant of the estimated charge density.
DISCUSSION
In the present investigation we have analyzed Sr '~+ effects on five identified cloned K channels. The main aim was to investigate the hypothesis that the extracellular portion of the channel protein determines the effective charge density (Elinder and ~trhem, 1994b) .
Thus the focus was on the induced shifts of G(V) curves.
In conclusion, the investigation supports the proposed hypothesis. However, the question of whether all extracellular loops or whether some specific loop is the critical determinant needs further clarification and will be discussed below. In addition, we will discuss a possible role of the charges for the gating of channels, based on the observed correlation between midpoint value of the activation curve and calculated surface potential for the different channels.
The Determinants of the Effective Surface Charges
From Fig. 6 it is clear that the experimentally estimated surface charge density correlates well with the total net Data from references cited in Gutman and Chandy (1993; see also Elinder and Arhem, 1994b, and Elinder, 1994) .
charge as well as with the net charge of the S1-$2 loop and the S5-P loop. A comparative analysis of different Kvl channels suggests that the S1-$2 loop does not influence the channel properties (Grupe et al., 1990 ; see also Elinder and ~trhem, 1994b) . The question is then whether the S5-P loop is a better determinant of the charge density than the total extracellular net charge. This was not possible to determine from the results in the present study. However, a way to get information on this issue is outlined below. Fig. 7 shows the relation between total net surface charge and the net charge of the S5-P loop for a number of cloned K channels (the presently analyzed channels indicated by filled squares; references taken from Gutman and Chandy, 1993; sequences listed in Elinder, 1994) . As seen, the relation can be approximated as linear. The least square-fitted line through the origin (r ' = 0.73) has a slope of 0.43, implying that about half of the total net charge is located on the relatively short S5-P loop. However, as indicated in the figure there are some striking exceptions (encircled symbols). One is the xKvl.1 channel of Xenopus laevis, and another is the ShakerB channel from Drosophila melanogaster. The S5-P loop of xKvl.1 (-5.5/ -4.5) is more charged than expected from the regression line and ShakerB (-7.5/-1.0) less. This means that these channels can be used to discriminate between the alternatives of the total net charge or the net charge of the S5-P loop as main determinant of the effective surface charge density. The two alternatives predict highly different (Mg ' ->+ and Sr 2+ induced) shift values for these channels.
The discussion above is based on the assumption that mainly charged amino acid residues determine the 
Total net charge (e)
Net charge of all extracellular loops versus net charge of the S5-P loop for 23 different K channels (listed in Gutman and Chandy, 1993) . The definitions of the extracellular loops are given in Elinder and t~rhem (1994b) and in Elinder (1994) . Filled squares indicate the channels studied in the present investigation. The straight line through the origin is least-square fitted to all data points and has a slope of 0.43 (/~ = 0.73). Symbols for deviating channels (discussed in the text) are surrounded by circles. Identification of data points: Kvl.1 (-8, -3.5), Kvl.2 (-6.5, -3), Kvl.3 (-8, -3), Kvl.4 (-5, -2.5), Kvl.5 (-2.5, -1), Kvl.6 (-9, -4), Kv2.1 (-1, -2), Kv2.2 (0, -2), Kv3.1 (-0.5, 0), Kv3.2 (-3, -0.5), Kv3.3 (-3.5, -1.5), Kv3.4 (+1.5, +0.5), Kv4.1 (+1, +1), Kv4.2 (+0.5, +1), Kv4.3 (+2, +1), Kv5.1 (-0.5, -1), Kv6.1 (-2.5, -4), xKvl.l (-5.5, -4.5), xKvl.2 (-6.5, -3), Shaker (-7.5, -1), Shab (-0.5, -1), Shaw (+3, -0.5), Shal (+0.5, 0). functional charge density. In some investigations sialic residues attached to asparagine(N)-linked oligosaccharide chains have been suggested to play a major role as surface charges (Recio-Pinto et al., 1990 ). However, this seems not be the case in the studied channels, because (a) there seems to be no correlation between estimated charge density and number of putative sites (Table III) and (b) removal of these carbohydrate moieties by site-directed mutagenesis show that they exert negligible effects on surface charges and gating (Santacruz-Toloza et al., 1994; Bennet et al., 1994; Talukder et al., 1994) .
Midpoint Activation Curve Values and Surface Charges
It is well known that the activation midpoint potential seems unrelated to the charge of the putative gating segment of the channel; electroneutral point mutations of the $4 segment can markedly affect the midpoint value (Papazian et al., 1991) . Nevertheless we find the linear relation between midpoint values and surface potentials (Fig. 5) intriguing. This relation may Data ti'om references cited in Gutman and Chandy (1993; see also Elinder, 1994) .
suggest a functional role for extracellular fixed charges in the gating process in native channels. It further suggests information about the influence of electrical and non-electrical forces on the voltage sensor of native channels. As shown in Fig. 5 the estimated midpoint value at 0 mV surface potential is +32 mV. An overview of gating current properties described in the literature reveals that the midpoint value of the gating charge curve is about 20 mV more negative than that of the channel activation curve (Hille, 1992; Keynes, 1994) . A midpoint value of +32 mV would then mean a midpoint potential of the gating charge curve of + 12 mV. Assuming an intracellular surface potential of about -20 to -10 mV relative intracellular bulk potential (see Chandler et al., 1965; Hille, 1992) , this means that the midpoint of the gating charge curve for the studied channels would be about 0 mV in the absence of internal and external surface charges. This would suggest that non-electrical forces on the voltage sensor are symmetrical.
Concluding Remarks
In conclusion, the present study supports the hypothesis (Elinder and ~trhem, 1994b ) that the charge profile of the extracellular surface of the channel protein plays an important role for determining the effective surface charge density of the channel. Obviously, a further step in the analysis would be to perform mutation studies. However, simple point mutations may not easily yield conclusive results due to the linear relationship between the net charge of the interesting loops (mainly S5-P) and the total net charge of the studied channels. Studies of native channels with deviating charge profiles (Fig. 7) were therefore suggested as a more immediate way to get information about the issue.
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